ABSTRACT This study was performed to determine the relative sensitivities of ionic, electrical, and mechanical indexes of myocardial ischemia. We used ion-selective and bipolar plunge electrodes, epicardial unipolar electrodes, a suction electrode, and ultrasonic crystals to 
ACUTE MYOCARDIAL ISCHEMIA includes a variety of ionic, electrical, and mechanical alterations. These include (1) a decrease in energy-rich substrates, 1 (2) a rise in extracellular potassium,2-6 (3) a fall in extracellular and intracellular pH,6-1 (4) a decrease in resting membrane potential and a shortening of action potential duration, 12-14 (5) a slowing of conduction, 15-18 (6) a deviation of TQ-ST segment,18-21 and (7) a decrease in the rate and magnitude of muscle fiber shortening.22 23 The endocardium is more sensitive than the epicardium to the effects of a decrease in coronary blood flow.24' 25 This effect has been attributed to two factors: (1) greater metabolic activity in the subendocardium24 and (2) transmyocardial redistribution of nutrient blood flow favoring the epicardium. In the pig, such redistribution occurs with partial, but not with complete, reduction of blood flow.28, 29 Thus it is reasonable to expect that the progressive reduction in coronary flow will cause changes in deeper levels of the myocardium to occur before changes in the epicardium. Although this concept is supported by the results of studies exploring the effects of a partial reduction in flow,20' 21 3037 most of the studies used large reductions in flow, which precluded the precise determination of the flow at which the variable of interest first changed.
This study was performed to determine the relative sensitivities of changes in extracellular myocardial potassium ([K']e), extracellular pH (pHe), local activation, intramural and epicardial TQ and ST segments, monophasic action potential duration (MAPD), and myocardial fiber shortening to graded reductions of flow in the left anterior descending coronary artery (LAD) in the pig and the precise flow at which these changes first occurred. We chose the pig as our experimental model because of its low collateral flow in the coronary circulation. 28' 29, 35, 38 
Methods
Experimental procedures. Twenty-five domestic pigs mg/kg) and anesthetized with thiamylal sodium (25 mg/kg).
Anesthesia was maintained with a-chloralose (30 to Local activation time was measured from the onset of the QRS complex in the ECG to the peak of the intrinsic deflection in each local electrogram. The millivolt difference between the T-Q potential and the S-T potential measured 100 msec after the peak of the R wave of the unipolar electrogram was taken as the TQ-ST segment deviation (ATQ-ST). The [K+]e, pHe, local activation, and TQ-ST segment data from the electrode showing earliest changes were used to determine the threshold flow in that variable. The criteria for acceptance of the MAP and the method of measuring MAPD were as described by Autenrieth et al.39 End-diastolic length (EDL) and end-systolic length (ESL) were measured according to the method of Theroux et al.,22 and percent shortening was calculated as (EDL-ESL) X 100/EDL.
Percent shortening was then normalized to the fraction of the control (%,AL) period. Our criteria for threshold changes in the indexes were (1) an increase in [K +]egreater than 0.3 mM, (2) a decrease in pH0 greater than 0.03, (3) a prolongation of local activation time of more than 2 msec, (4) a change in TQ-ST segment greater than 1 mV, (5) a shortening of the MAPD of more than 15 msec, and (6) a decrease in relative myocardial fiber shortening greater than 10%.
Statistics. We calculated mean + SE and tested the significance of difference by the Student's t test for paired and unpaired data. Differences were considered significant when p < .05.
Results
A total of 25 experiments, nine in group A, eight in group B, and eight in group C, were performed. The CIRCULATION Figure 2 shows the results of a representative experiment from group C in which this [40 MAP required a further reduction in flow, occurring at 3.8 ± 0.4 ml/min. The threshold flow for changes in the TQ-ST potential recorded on the epicardium in this series of experiments was 7.5 ± 0.8 ml/min. This value is not statistically different from the threshold flow of 8.4 ± 1.4 ml/min recorded in the group C experiments shown in figure 5 . We determined the mass of tissue perfused by the carotid-coronary shunt in 15 of the 25 experiments. In these experiments, the perfused tissues averaged 22.3 ± 0.9 g. The weight of the 10 animals in which muscle mass was not determined was the same as the weight of the 15 animals in which the perfused muscle mass was determined (31.4 ± 1.2 kg vs 29.8 ± 1.4 kg; p = NS) and the carotid-coronary shunt was inserted at the same location in each experiment. Therefore we assumed that the mass of perfused tissue was the same through all experiments. Applying this assumption, we then determined the threshold flow (expressed as ml/ min/g ventricular muscle) for the variables measured in the three series of experiknents. These results are shown in figure 7 . The threshold flow ranged from 0.77 ml/ min/g tissue for the initial changes in midmyocardial [K'], pHe, and TQ-ST segments, to 0.55 ml/min/g tissue for segment length shortening, and on to 0.17 ml/min/g tissue for the initial shortening of the MAP recorded on the epicardial surface in the center of the zone supplied by the carotid-coronary shunt.
Discussion
The purpose of our experiments was to determine the relative sensitivities of the ionic, electrical, and contractile markers of ischemia by reducing coronary flow in a series of graded steps. The previous studies, summarized in table 2, used a variety of techniques for reducing coronary flow and usually measured only two of the three variables referred to above. They did not determine the flow at which these changes first occurred. The new information provided by our study is the comparison of the precise flow at which the first change occurs in ionic, electrical, and mechanical variables in the same preparation under the same set of experimental conditions. We have accomplished this by shunting blood from the carotid artery through a roller pump to the LAD and by reducing coronary blood flow in a series of predetermined steps. We have labeled the coronary flow associated with the first change in each variable as the ischemic threshold for that variable. and TQ-ST segments occurred at flows of 0.6 ml/min/g and changes in the epicardial TQ-ST segment did not occur until coronary flow was reduced to approximately 0.35 ml/minlg. At this flow rate, we noted that midmyocardial [K'+ e had approximately doubled, reaching levels in excess of 6 mM, and that as much as a 6 mV change in the TQ-ST segment occurred in the midmyocardial electrogram.
Holland and Brooks44 have emphasized that the TQ-ST segment deflection on the body surface or epicardial electrogram recorded during ischemia is influenced by a variety of spatial and nonspatial factors. These included the location of the electrodes, the area, location, and shape of the ischemic zone, the magnitude of the transmembrane voltage differences between ischemic and nonischemic areas, and the solid angle subtended by the recording electrodes and the lateral margins of the ischemic zone. In our experiments, the absence of TQ depression (or ST elevation) on the epicardial surface at a time when a significant TQ depression or ST elevation occurs at deeper layers might be attributed to an epicardial layer of nonischemic tissues. However, it is more difficult to explain the absence of any change in the TQ-ST segment on the epicardial surface when significant TQ and ST segment shifts are occurring in the midmyocardium and subepicardium. It is possible that a border zone similar to that recently reported to exist between the subendocardium and endocardium during no-flow ischemia45 might cause voltage gradients opposite in direction to those existing between the epicardium and the subepicardium. It is also possible that inhomogeneities in [K+] e at the same level of myocardium in the center of the ischemic zone similar to those reported during no-flow ischemia3 43 might produce voltage gradients that will oppose the gradients between the normal epicardium and deeper ischemic levels. Whether such a subendocardial border zone or inhomogeneities exist during low-flow ischemia remains to be shown. Further studies are required to address these and other possible explanations. Nonetheless, the recognition that ischemic changes can extend to the subepicardium without causing TQ-ST segment changes on the epicardial surface has important clinical implications.
We 
